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While progressive weight Toss was observed on all materials with increasing
weight of sand impacted, one glass-epoxy composite exhibited half an order of
magnitude less erosion than the other composites; this is attributed to its
better adhesion between the matrix and fibers, higher percentage of fiber load-
ing, and Tower porosity. This 1gass-epoxy composite exhibited semi-ductile
erosion behavior with a maximum weight loss at 45-60° while the other eroded in
a brittle manner with a maximum at 75-90°.

'——*-~F The erosion process in these composites consisted of the following sequence:

_AF44) erosion and local material removal in the resin zones; £2Y erosion in the
fiber zones associated with breakage of fibers due to bending failure of
unsupported sections where resin beneath had been removed; and (3) erosion of
the interface zones between the fibers and the adjacent matrix.

In all coatings investigated, erosion rate (i.e., target weight loss) decreased
with the increase of the impact angle. Maximum weight loss was found at 30°
while minimum value of weight loss was found at normal impact angle. However,
in elastomeric MIL-C-83231 polyurethane and AF-C-VBW-15-15 fluorocarbon coatings,|
egg;ion rate was found to be independent of impact angle at the range of 45° to
90~
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A&brogressive increase in target coating weight loss with amount of sand
impacted was found in MIL-C-83286 polyurethane coatings at constant impact
angles., However, in MIL-C-83231 polyurethane and AF-C-VBW-15-15 fluorocarbon
coatings, erosion rate (i.e., target weight change) was found to be independent
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coatings surface roughness was found to follow target weight loss: The higher
the weight loss, the higher the value of surface roughness observed. Erosion
processes in the coatings were associated with formation of microcracks,
microcrack propagation and intersection resulting in fragments of coatings which
were then locally removed from the surface. t
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1. Introduction

The erosion of polymeric coatings on composite materials by liquid
impact in rain encounters of aircraft at moderate to high velocity has
been a problem for many years.! 3 The development of polyurethane
and fluorocarbon elastomeric coatings for protection of forward facing
reinforced plastic components such as radomes, antenna covers, jet
engine fan blades, and helicopter rotor blades has been successful in
achieving rain erosion protection of these materials." However, the
erosion of these coatings and composite materials by solid particle
impact has not been investigated since 1969.

Ti]1y5-7 has investigated the influence of velocity, impact angle,
particle size, weight of abrasive (quartz particles) impacted, and
type of reinforcement (glass versus carbon fiber) in plastic materials
such as nylon polypropylene and epoxy resins. The composite materials
exhibited poor erosion performance with the nylong exhibiting a four
fold increase in erosion weight lToss if reinforced with glass or carbon
fibers and the epoxy showing a substantial improvement in erosion
resistance if reinforced with steel powder compared to unreinforced

material.

The purpose of this study was to determine the mechanisms of solid

particle erosion on coatings which are representative of those currently

used for exterior protection of aircraft surfaces--both reinforced

composites and general skin surfaces, and on uncoated composite mater-

ials types (resins and fibers) and construction variables were determined.
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2. Experimental Procedure

Apparatus

An air-blast sand erosion rig similar to that of Neilson and
Gilchrist® was used. Figure 2.1 shcws the principal elements of the
rig. Filtered compressed air at room temperature is partially by-passed
through a sand resevoir from which the sand is picked up and introduced
into the main stream through a control orifice. The air-sand stream
then flows through a 4:1 converging nozzle into the specimen chamber.

The air flow rate was measured with an orifice flow meter. The
actual mean velocity of the sand entering the specimen chamber was
measured by the time-of-flight device suggested by Ruff and Ives.® The
device was inserted in place of the specimen chamber and calibrated
against the normal air flow rate, which was subsequently used for con-
trol. In the air velocity range used, the sand velocity proved to be
about one-third the air velocity, in agreement with the results of Ruff

and [ves.

Target Materials

The test materials were as follows:

A. Composite Materials. These were: Quartz polybutadiene and glass
epoxy supplied by "RAFAEL" Armament Development Authority Haifa,
Israel. Quartz-polyimicd and E-Glass Epoxy supplied by AFWAL/MLBE
Materials Laboratory, Wright-Patterson AFB, Ohio 45433, U.S.A.

B. Coatings Materials. These were: MIL-C-83286 Polyurethane Topcoat
on MIL-P-23377 Epoxy-Polyanide Primer. The substrate was E-Glass

Epoxy as prepared. MIL-C-83231 Polyurethane Rain-Erosion-Resistant

PR e, .J
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Coating. The substrate was E-Glass Epoxy as prepared.

AF-C-VBW-15-15 fluorocarbon-rain-erosion-resistant-coating.

The subtrate was Quartz-Polyimide as prepared. A1l the coatings
were supplied by AFWAL/MLBE Materials Laboratory, Wright Patterson AFB,
Ohio 45433, U.S.A. Specimen of composite and coating materials were cut

to measures of 50 mm by 60 mm.

Sand

Natural sand collected from the shore of the Mediterranean Sea was
sieved into the range of 210 to 297 um and oven dried. This sand con-
tained about 96 percent by weight of 5102, the constituent considered
to be responsible for its erosiveness.!® The grains were siightly

rounded and somewhat elongated.

Erosion Tests

The sand resevoir was filled with sand in amounts varying between
50 and 600 gr and the experimental run continued until all the sand had
been exhausted from the resevoir. The maximum air velocity used was
150 m/sec. and the specimen impact angles were 90°, 75°, 60°, 45%, 30°
and 15°. Three to five runs were made for each experimental condition
of air velocity, impingement angle, sand quantity and target. Before
and after exposure the specimens were weighed to 0.1 mg on an analytical

balance.

Surface Characterization

Electron Microscopy. The surfaces of the specimens were examined

directly with a scanning electron microscope together with an X-ray

PP
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unit. Cross section of eroded specimens were also examined with the
electron probe microanalyzer (EPM).
Roughness Measurement. The roughness of the target specimens was 1

measured before and after erosion with a Talysurf, Hobson Model 3.

Graphs of the Surface Profile were obtained. The roughness is expressed

as the centerline average (CLA).!!
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3. Results

The materials investigated were classified into two major groups:

A. Composite materials which included Quartz/polyimide, E-Glass Epoxy

and Quartz/polybutadiene laminates.

B. Coatings materials such as polyurethane (2 types) and fluorocarbon

on Glass/Epoxy and Quartz/Polyimide substrates respectively.

Specimens were exposed to sand erosion conditions of natural sand
abrasive particles, 210 to 297 microns in size with amounts impacted
from 200 gr to 600 gr at impact angles of 152 to 90° and impact velocity
up to 0.1 Mach.

Weight change, surface roughness and surface morphology were
examined and correlated with erosion conditions, primarily, impact
angles and mass of sand impacted. The results are described in the

following sections.

3.1 Erosion Kinetics

3.1.1 Composite Materials

Erosion data, namely target weight change obtained under
various sand erosion conditions, is summaried in Appendix A, Tables A.1

to A.4, and shown graphically in Figures 3.1 to 3.7.

A. Target Weight Change vs. Impact Angle

The effect of impact angles on target weight under constant
amount of sand impacted is shown graphically in Figures 3.1 to 3.4. A

progressive increase in target weight loss was observed with increasing

T T A RO T T




impact angle up to 75° where a maximum weight Toss was found in Quartz
polyimide (Figure 3.1), Glass Epoxy (Figure 3.3), and Quartz Polybuta-
diene (Figure 3.4). This behavior was observed with constant amounts
of 200 gr, 400 gr, and 600 gr of abrasive sand. Particles impacted on
the target surface resulted in weight loss in the range of hundreds of
milligrams up to 500 mg. (Figures 3.1, 3.3, 3.4). The behavior of
E-Glass Epoxy material (AFWAL/MLBE) under the same erosion conditions
used with the above composite materials is shown in Figure 3.2. Increase
in impact angle resulted in increased target weight loss up to a
maximum at 60°, 45° and 45° for impacted sand amounts of 200 gr, 400
gr, and 600 gr, respectively (Figure 3.2); After reaching a maximum,
target weight loss decreased to a minimum at normal impact angle.
Furthermore, in the case of E-Glass/Epoxy (AFWAL/MLBE), the weight loss
was in the range of tens of milligrams compared to hundreds found in

the other composite materials.

B. Target Weight Changes vs. Sand Weight Impacted

The dependence of target weight change on amounts of sand
impacted under constant impact angles for the composite material is
described in Figures 3.5, 3.6 and 3.7. It was found that an increase
in the amount of sand weight impacted resulted in progressive target
weight losses under all impact angles investigated as can be seen in
Figure 3.5 for Quartz Polyimide, Figure 3.6 for E Glass-Epoxy (AFWAL/MLBE)
and Figure 3.7 for Quartz Polybutadiene and Glass/Epoxy (RAFAEL).
Although the E Glass/Epoxy (AFWAL/MLBE) materials behaved similarly to

the other materials under the same erosion condition, the amounts of
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target weight losses for it were found to be in the range of 80 mg.
(Figure 3.6) compared to the range of 500 mg; that is, an order of
magnitude Tower than the others (Figure 3.5 for Quartz-polyimide and

3.7 for Glass Epoxy (RAFAEL) and Quartz polybutadiene). Furthermore, it
was found that the increase of target weight loss with increase of

sand weight impacted took place at low as well as high impact angles.

3.1.2 Coatings

Exposure of polyurethane and fluorocarbon coatings to various
sand erosion conditions resulted in erosive damage to the coatings sur-
face. The experimental data is summarized in Appendix B, Tables B.1,
B.2, and B.3. The results are characterized in terms of target weight
change versus impact angles and total sand weight impacted as will be

described herein.

A. Target Weight Change vs. Impact Angles

The dependence of coating target weight change on impingement
angles before and after being exposed to sand erosion conditions is shown
graphically in Figures 3.8, 3.9 and 3.10 as well as in Appendix B,

Tables B.1-B.3. Figure 3.8 shows the behavior of MIL-C-83286 polyure-
thane coatings on E Glass Epoxy substrate under the impact of 200, 400,
and 600 gr abrasive and particles on the target surface. A correlation
between target weight loss and impingement angle was found (Figure 3.8).
Maximum weight loss was found at low impact angle resulted in decreasing
target weight loss which was around 80% for normal impact angle and all

the amounts of sand particies weight impacted (Figure 3.8). The

15




behavior of MIC-C-83231 polyurethane coating on E-Glass Epoxy substrate

under erosion conditions is shown in Figure 3.9. It was found that

under constant amount of sand particles impacted (200, 400, 600 gr, 1
respectively), a maximum target weight loss was obtained at low

incidence angle of 159. Increasing the impact angle up to 45° resulted
in reduced target weight loss. Furthermore, at impact angles of 45°

and higher, target weight gain was found to be constant and practically
independent of the impact angle (See Figure 3.9).

In Figure 3.10 the behavior of AF-C-VBW-15-15 fluorocarbon
coatings on quartz polyimide under erosive conditions is shown. Target
weight change as a function of impingemen~t angle was obtained under

i constant amounts of 200 gr, 400 gr, and €00 gr of sand particies impacted.
Maximum target weight loss was obtained at impact angle 0%, whereas

at around 50° a zero weight loss was observed. Increasing the ir . ¢

angle from 50° up to 90° 7ed to target weight gain as can be seen .

Figure 3.10.

B. Coatings Target Weight Change vs. Sand Weight Impacted

- e =

A correlction between weight change of polyurethane coating

on E Glass Epoxy substrate (AFWAL/MLBE) and the amount of sand particles
impacted at constant impingement angles is shown in Figure 3.11 and
3.12 for MIL-C-83286 polyurethane and MIL-C-83231 polyurethane, respec-
tively. Figure 3.12 shows that increasing the amount of sand weight
impacted in the range of 200 to 600 gr resulted in an increase of target
weight loss for the hard polyurethane. Moreover, the rate (i.e., the

amount of target weight loss to amount of sand impacted) decreased from
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Fig. 3.8 Weight Loss of MIL-C-83286 Polyurethane E Glass-
Epoxy as a Function of Impact Angle
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Fig. 3.10 Weight Change of AF-C-VBW-15-15 Fluorocarbon on
Quartz-Polyimide as a Function of Impact Angle
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a maximum value at impact angle of 30° to a minimum at 90° (Figure 3.11).

Coating weight loss at 30° was 36.9 gr compared to 9.5 gr at
90° at the same amount of 400 gr sand impacted.

The MIL-C-83231 elastromeric polyurethane coating was found
to behave differently compared to the MIL-C-83286 polyurethane under
the same erosion condition. As shown in Figure 3.12, weight changes of
MIL-C-83231 polyurethane coatings were found to be independent of the
amount of sand impacted (200 gr to 600 gr) under impact angles of 45°
to 90°. At Tower impact angles of 30° to 45° a linear increase of
target weight loss was found. Moreover, increasing weight gain rather
than loss was found in this coating when increasing the amount of sand

impacted at constant impact angles of 459 to 90°,

The behavior of AF-C-VBW-15-15 fluorocarbon coatings on
Quartz polyimide substrate was found to be very similar to the MIL-C- i
83231 polyurethane coating under the same erosion conditions as can be }

seen in Figure 3.13. i

A continuously increasing weight gain of fluorocarbon coatings P
was found after being exposed to various amount of sand particles (200
gr to 600 gr) at constant impact angles of 45% to 90°. When the impact
angle was 30°%, a linear correlation between target weight loss and

amount of sand impacted was found (Figure 3.13).

3.2 Surface Roughness 1
3.2.1 Coatings i
The characterization of eroded coatings surface included i

measurements of surface roughness. The data obtained is summarized in




Appendix C. Tables C.1, C.2 and C.3 are shown graphically in Figure
3.14, 3.15 and 3.16, respectively.

MIL-C-83286 Polyurethane Coatings. A dependence of target

surface roughness expressed in C.L.A. (centre line average) in microns
on impingement angle for constant amounts of sand impacted is shown in
Figure 3.14. The results show that high surface roughness C.L.A. around
2.2 microns was obtained at impingemenet angles of 30° to 45° for all
amounts (200, 400, and 600 gr) of sand impacted. Increasing the impact
angles up to 90° led to a sharp decrease in surface roughness reaching

values around 1.4 microns at 90°.

MIL-C-83231 Polyurethane Coatings. The change of coatings

surface roughness with impact angle at various constant amounts of sand
impacted are shown in Figure 3.15. Surface roughness was found to
decrease from a maximum in the range of 0.4 to 1.0 micron at impact
angles of 15° to a constant low values around D.2 microns at impact
angles of 60° to 90°. A profilogram of the surface before and after
being exposed to erosion is shown in Figure 3.17.

A rather smooth profile was obtained before erosion, whereas
after being exposed to 200 gr and 400 gr sand particles at 100, a rough
profile was obtained with about 5 microns peak to peak and average peak
width of 25 microns (Figure 3.17). Increasing the impact angle, led to
a smoother surface with lowest profile at 90°. The profilograms exhibited

high surface roughness at low incident angle compared to low surface

roughness at normal angles.




AF-C-VBW-15-15 Fluorocarbon Coatings. Surface roughness

of this coating is correlated versus impingement angles for constant
amounts of 200 gr, 400 gr, and 600 gr sand particles impacted. The
correlation is shown in Figure 3.16. Maximum surface roughness in the
range of 1.0 to 1.6 microns was found at impact angle of 30° for all
amounts of sand impacted. A decrease in surface roughness was found
with increasing impact angle. A constant Tow surface roughness value
around 0.8 micron was found at impact angles from 45° to 90° (Figure
3.16). It should be noted that the low value of surface roughness of

the polyurethane coating was around 0.2 microns compared to 0.8 microns

in the fluorocarbon coatings.
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3.3 Microscopic Observations

3.3.1 Composite Materials

Eroded surfaces of various target composites investigated in the
research work were examined by scanning electron microscope and the resuits
are shown in Figures 3.18 to 3.22. A typical eroded surface of quartz-
polyimide composite material is shown at low magnification in Figure
3.18. The cross junctions of the quartz weaves as well as the polyimide
resin zones are shown very clearly. Moreover, the erosion damage was
observed both in the fibers as well as in the resin zones.

A detailed picture of the damage caused by the erosion
processes in the fibers zones can be seen clearly in Figures 3.19 and
3.20 for quartz polyimide and Glass Epoxy composites.

The erosion damage observed was characterized by broken fibers
(Figure 3.19) and detachment of fibers from the resin matrix (Figure 3.20)
which resulted in removal of fiber fragments from the eroded areas. These
fragments of fibers are about 10 microns in width and about 30 microns in
length. Also smaller fragments could be observed both in the E Glass
Epoxy and Quartz polyimide targets which each showed similar erosion
damage. In Figure 3.21 SEM micrographs of other eroded Glass Epoxy
(RAFAEL) composite are shown at low (Figure 3.21A) and high (Figure 3.22A)
magnification. Erosion damage was observed both in the glass fiber areas
as well as in the epoxy resin zone (Figure 3.21A, 200 gr sand, 30°). High
magnification image of the eroded surface revealed broken glass fibers,
fragments of fibers as well as craters in the epoxy resin zone indicative

of local material removal from that zone (See Figure 3.21B). Furthermore,
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removal of the epoxy resin material by the erosion process revealed
previously unexposed glass fibers which would then be subjected to the
erosion process as shown in Figure 3.21B. A typical erosion damage

observed in quartz polybutadiene after being exposed to 200 gr sand at

30° is shown in Figure 3.22. The morphology of the eroded surface in
the polybutadiene resin zone is.shown in Figure 3.22A.

Craters and grooves of 30 um size were observed in the surface
indicative of local material removal by erosion process (Figure 3.22A).
In the quartz fiber zone, the erosion damage was characterized by broken

fibers, removal of fibers fragments which were approximately 10 microns

in width and 30 microns in length as shown in Figure 3.228B.




Fig. 3.18

Uncoated Quartz-Polyimide Composite after 200 g.
Sand Impact at 90° (30X)

SEM Micrograph
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Fig. 3.19

Fig. 3.20

Uncoated Quartz Polyimide and E.Glass-Epoxy after
2009 Sand Impacted at 90° (300X)
SEM Micrograph

A. Quartz Polyimide B. E Glass-Epoxy

Uncoatea . rtz-Polvimide and E Glass~Epoxy after
2009 Sand “mpacted <t 900 (1500X%)
SEM Micrograph

A. Quartz Polyimide B. E Glass-Epoxy




Fig. 3.2}

Fig. 3.22

Uncoated G\ass—Epoxg
Sand impacted at 30
SEM Micrograph

A. General Appearanc

Uncoated Quartz~Polg
Sand impacted at 30
SEM Micrograph

A. Resin Zone

(Rafael) after 200 g.
{30X and 1000X)

e B. Resin and Fibers Zones

butadiene after 200 q.
(500% and 500X)

B. Fibers Zone
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3.3.2 Coatings.

Polyurethane coatings on E Glass epoxy and fluorocarbon
coatings on quartz polyimide substrates were observed in the scanning
electron microscope after being exposed to sand erosion conditions.

The results are shown in Figure 3.23 to 3.29 and will be described herein

for the various coatings.

-Polyurethane MIL-C-83286 on E Glass Epoxy

Typical general appearance of this coating's eroded surfaces
is shown in Figure 3.23 and high magnification detailed eroded surface
morphology is shown in Figure 3.24, Coatings surfaces exposed to normal
impact angles at various constant amounts of sand particles are charac-
terized by a cell type structure consisting of rounded cavities or
craters up to 20-30 microns in size as can be seen in Figure 3.23B. The
appearance of the surface did not change appreciably even with three
times as much sand impacted.

The morphology of a coatings surface impacted with sand particles
at 30° incident angle is shown in Figure 3.23C. The surface is charac-
terized by elongated grooves and craters in the range of 30 um
indicative of local material removal.

A detailed picture of local erosion processes can be seen in
Figure 3.24 for impact sand amounts of 200 gr, 600 gr at impact angles

of 30° and 90°. Figure 3.24A shows that Tocal material removal was

associated with formation of cracks, crack propagation and intersection which

resulted in removal of fragments of coatings materials in the range up

to 10 microns. Moreover, these local erosion processes at normal
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angles and material removal were associated with embedment of sand
particles and fragments as can be seen in Figure 3.24C. Again note that
the erosion after 600 gr sand impacted is only slightly larger craters
compared to 200 gr eroded surfaces.

A crater formed by sand impacted at 30° angle or coating surface
is shown in Figure 3.24B. The damage consists of several elongated
craters around 30 microns in size. Also a fragment of a sand particle

was found in the middle of the eroded area (Figure 3.24B).

-Polyurethane MIL-C-83231 on Glass Epoxy

The general morphology and structure of eroded coatings surface

as observed in scanning electron microscopy is shown in Figure 3.25. A
typical unexposed coating surface is shown in Figure 3.25A. Exposure
of coatings surface to erosion at low impact angles of 15° and 30°
resulted in local material removal processes characterized by elongated
craters up to 50 microns in length as can be seen in Figures 3.25B and
3.25C, respectively. Coatings surface impacted by sand particles at
90° was hardly damaged as shown in Figure 3.25D. Furthermore, even
high magnification of the eroded coating surface at 90° did not reveal
substantial damage in terms of material removal (See Figure 3.26B).

However, high magnification of the eroded area at 30° showed local
material removal processes associated with cracks and fragments of
material in the range of three microns and above. Figure 3.27 shows
coatings surface morphology after being exposed to 600 gr sand particles
at normal incidence angle. Under these conditions, no appreciable

material removal processes were observed. Coatings surfaces were found

36




30HM 98.012

Fig. 3.23 MIL-C-83286 Polyurethane Coating on E Glass Epoxy
Substrate aftgr Sand Impact. A. 300 gr. 907,
B. 600 gr. 90", and C. 200g. at 30.
300x, 300x, and 250x
SEM Micrograph
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Fig. 3.24

MIL-C~83286 Polyurethane Coating on E G)asa Epoxy
Substrate afte5 Sand Impact. A) gOOg at 90~,

B) 200g. at 30, C) 60D g. at 90

(1000X, 600X, and 3000X)

SEM Micragraph
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Fig. 3.25

MIL-C-83231 Polyurethane Coating on £ Glass Epoxy
Substrate afteg Sand Impact A) _Before erosion;

B) 200g. at 15°, C) 200g. at 30°, and D) 200g.
at 90",

(1000X, 150X, 200X, 1000X)
SEM Micrograph
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Fig. 3.26

Fig. 3.27

MIL-C-83231 Polyurethane Coating on E Glass gpoxy
Substrate afteroSand Impact: A) 200 g. at 15

B) 200 g. at 90
(3000X and 5000X)
SEM Micrograph

MIL-C-83231 Polyurethane Coat1ng on E Glass Epoxy
after 600 g. Sand Impacted at 90% (500 and 3000X)
SEM Micrograph
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to be relatively smooth even in the micron scale as can be seen in

Figure 3.278.

,,_r_.,--._...

-Fluorocarbon AF-C-~VBW-15-15 Coatings on Quartz Polyimide
Substrate

The morphology and structure of coatings surface after being
exposed to 200 gr sand particles at 30% and 90° impact anglies are shown
in Figure 3.28. The general appearance of eroded surface at impact '
angles of 30° and 90° is shown in Figure 3.28A and Figure 3.28B, respec-
tively. Both surfaces contained cracks and microcracks intersecting
each other to form somewhat rounded and square type "grains” in the size
range of up to 50 microns at 30° (Figure 3.28A) and 30 microns at 90°
(Figure 3.288B).

High magnification observations of eroded surfaces showed how
these cracks and microcracks propagated, intersecting each other and
resulting in local removal of fragments of material from the coatings
surface. These fragments could be as smallas 1micron (Figure 3.28D

for impact angle of 90%) and as big as 10 or 30 microns (Figure 3.28C

for impact angle of 30°).

Impacting 600 gr sand particles at impact angle of 90% on surface
coatings resulted in basically the same morphology and structure (Figure
3.29) as was observed when 200 gr impacted the surface (Figure 3.28B).
At 600 gr few more craters and cavities in the range up to 30 microns
in length were found (Figure 3.29D) as well as embedded fragments of

sand particles in the range of 10-15 microns (Figure 3.298).
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Fig 3.29:

AF-C-VBW-15-15 Fluorocarbon Coating on
Quartz Polyimide Substrate after 600g
Sand Impacted at 900 (300X and 2000X)
SEM Micrograph

A. General Appearance
B. Embedded Sand Fragment in the Eroded Zone
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4.0 Discussion

4.1 Composite Materials

The behavior of the composite materials was characterized by target

weight change, surface roughness and surface structure and morphology.

4.1.1 Effect of Angle and Sand Weight Impacted

In previous investigations® ductile materials showed maximum
erosion or weight loss after being exposed to impact of solid particles '
at low incident angles in the range of 10-300, while increasing the

impact angles resulted in decrease of the erosion to a minimum value at

—

normal angle.

T o

On the other hand, so-called brittie materials showed minimum
erosion at low incident impact angles. Erosion or target weight loss
increased with increasing impact angle reaching a maximum value at ?,
normal angle.

The composite materials investigated (namely,Quartz polyimide,

Glass Epoxy (RAFAEL) and Quartz polybutadiene) showed maximum erosion or

,___..u“

weight Toss at impact angles of 75° to 90° with 200 to 600 gr sand
weight impacted (Figure 3.1, 3.3, 3.4). Minimum weight Toss in these
materials was found at the lowest impact angle of 30°. The data of i
target weight loss vs impact impact angle suggest therefore that the
composite materials investigated behave as brittle materials under the
sand erosion condition used in this research work. This is in keeping
with their properties as thermosetting resins and inorganic fibers.

However, it was found that E Glass Epoxy material (supplied by

AFWAL/MLBE) did not behave as so-called brittle material, but rather
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as semi-ductile. In other words, maximum weight loss was obtained at
jmpact angles around 45°% for amounts of 200 gr, 400 gr, and 600 gr
sand particles (Figure 3.2). Moreover, the weight losses of the E
Glass Epoxy observed under these erosion conditions were lower by
about one order of magnitude compared to values obtained in the other
composite materials tested. This difference is likely due to the presence
of higher percentage of glass fibers, better adhesion between the fibers
and the resin as well as less parasity in the resin matrix.

The behavior of the composite materials tested; Quartz polyimide,
Glass Epoxy and Quartz polybutadiene; under erosion conditions consisting
of impacting various amounts of sand particles at constant angles was
found to be the same. This behavior was characterized by progressive
increase in target weight loss with increasing amounts of sand impacted.
This was found® also for glass and carbon reinforced nylon.

The rate of target weight loss versus amount of sand impacted was
found to be fairly constant in the range of 0.4 to 0.6 mg/g at all
impact angles. However, the average value of target weight loss versus
amount of sand weight impacted was found to be around 0.1 mg/g for the
E Glass Epoxy material supplied by AFWAL/MLBE. This low value is probably
an indication that the weight loss in this material was basically due to
removal of epoxy resin rather than to substantial removal of broken
glass fibers (See Figure 3.198).

Furthermore, if this composite material contains high percentage
of fibers well adhered to the resin matrix and the main material

removal is from the resin, then one would expect to find an overall
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4 semi-ductile type behavior of the E Glass Epoxy target material (Figure

3.2) as was observed.

4.1.2 Surface Morphology

From observations of eroded surfaces in the scanning electron
microscope, it appears that composite materials like Quartz-polyimide,
Glass-Epoxy and Quartz-polybutadiene exhibit several stages of erosion
and material removal processes. These stages can be characterized as
follows:

a) Local removal of resin material from the impacted surface
resulted in exposing the fibers themselves to the erosive

sand environment (Figure 3.19 for example).

b) Solid sand particles impacting on the fibers causing their
breakage through formation of cracks perpendicular to their 1

length (Figure 3.22 for example).

These cracks across the fiber are caused by bending due to impact on
the unsupported fibers since the matrix resin surrounding and supporting
them has been removed. This has been observed previously'?'?® in other

types of composite materials under Tiquid impact.

c) Further continuation of mpact of the sand abrasive particles
resulted in damaging the interface between the fibers and the
resin matrix. This was characterized by the separation and
detachment of broken fibers from the resin matrix (Figure

3.20 for example).

The morphology of eroded surfaces observed through the SEM suggest
that the overall erosion damage of composite materials consist of matrix i
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material removal in the resin area (Figure 3.22), breakage and removal

of broken fibers as well as removal of material from the fiber-resin
interface zones (Figure 3.21). Differences in the erosion behavior of
various types of composite material should be originated from the amount,
type and properties of the fibers on one hand and from the type and
properties of the resin material and its adhesion to the fibers on the

other hand.

4.2 (Coatings.

The sand erosion behavior of polyurethane and fluorocarbon
coatings on composite material substrates was investigated by exposing
coatings targets to varying amounts of flowing sand particles reaching
the surface at various impact angles. The eroded coatings were then
characterized by their weight change after erosion, their surface rough-
ness (development), and their surface morphology as observed in the

scanning electron microscope.

4.2,1 Effects of Angle and Sand Weight Impacted.

From studies of the impact angle, dependence of erosion
on coating target weight loss, it appears that coatings such as poly-
urethane MIC-C-83286 on glass epoxy were affected substantially by the
impact angle. This coating exhibits ductile behavior because maximum
erosion occurs at low incident angle of 30° whereas minimum erosion
occurs at normal angle. Furthermore, the weight loss of this polyurethane
coating increased with increasing sand weight impacted in such a manner

that for low incident angle of 30° the average rate of target weight
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loss versus amount weight impacted was maximum and thereafter decreased
with increasing impact angle reaching a minimum rate at 90° (Figure 3.11).

Elastomeric coatings materials like polyurethane MIL-C-83231 and
fluorocarbon AF-C-VBW-15-15 were also affected by impact angle. For low
incident angles of 15% and 30°, target weight loss was maximum but it
was reduced to a minimum (near zero) at 30%-45°. At higher impact
angles from 45° to 900, only weight gain was observed and this was
independent of impact angle in the case of the polyurethane material
(Figure 3.9 and 3.10). This weight suggests the embedment of sand
particle fragments at the target eroded surface. Furthermore, the
effect of amount of sand impacted on target weight loss showed that at
impact angles in the range 45° to 90°, the target material gained weight
rather than lost, independent of amounts of sand weight impacted (Figure
3.12 and 3.13).

However, at low incident impact angles of 15° and 30°, target
weight loss increased with increasing sand weight impacted. The rate
of target weight loss versus amount of sand impacted was rather small
for the MIL-C-83231 polyurethane and AF-C-VBW-15-15 Fluorocarbon
compared to the MIL-C-83286 Polyurethane (Figure 3.11).

In view of the polyurethane and fluorocarbon coatings' erosion
resistance, these have been used as protective surface coatings on
composite materials Tike E Glass-Epoxy and Quartz polyimide.

A comparison of uncoated E Glass-Epoxy and MIL-C-83286 and MIL-C-
83231 Polyurethane coated E Glass-Epoxy and of uncoated Quartz-polyimide
and AF-C-VBW-15-15 Fluorocarbon-coated Quartz-polyimide is shown in

Figure 4.1 as a function of sand impacted at 30° angle. Note that the
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Quartz-polyimide erosion is an order of magnitude greater than the
E-Glass Epoxy and that the fluorocarbon erodes slightly more than the
polyurethane. Figure 4.2 makes the same comparisons at a 90° angle
with similar relative performance for the materials. In every case,
the ability of these elastomeric coatings to protect the composite
substrates is demonstrated. The erosion mass loss of the uncoated
composites and the MIL-C-83286 Polyurethane increase similarly while
the erosion of the elastomeric coatings is almost independent of sand
weight impacted.

As long as the coatings remain intact, the protection at 90° is
excellent; however, if failure occurs, then erosion of the composite
will be extreme. By contrast, at the low angles the resistance of the
coatings is reduced (See Figure 3.9 and 3.10) but the relative resistance
of the composite is greater so that erosion would not be as catastrophic

if coating failure occurred.

4.2.2 Surface Roughness (Effects)

Surface roughness studies of eroded coatings showed an inter-
relationship among erosion rate, impact angles, and coatings surface
morphology. Polyurethane and fluorocarbon coatings showed maximum
weight loss at low impact angles of 15° to 30° (Figures 3.8, 3.9, 3.10).
When maximum target weight loss was found, a maximum surface roughness
was measured; i.e., maximum surface roughness was measured of coatings
exposed to low impact angles at various constant amounts of sand
impacted (Figures 3.14, 3.15, 3.16). Furthermore, the higher the value

of weight loss, the higher was the surface roughness.
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The correlation between amount of coating target weight loss
and eroded surface roughness can be explained by the microscopic
observations of eroded zones. The mode of coatings erosion consisted
of local material removal as well as detachment of coatings pieces
from the substrate especially at Tow impact angles. This resulted in
very rough surfaces (Figures 3.25, 3.26).

When erosion rate was found to be negligible at impact
angles of 45% to 90° (Figures 3.9, 3.10) the surface roughness was also
found to be of minimum value (Figures 3.15, 3.16). These low values
of erosion rate together with minimum values of surface roughness
are in accordance with the coatings surface morphology. At these
conditions no removal of coatings pieces occured resulted in relative

uniform smooth coating surfaces (Figures 3.26B, 3.27, 3.288B).

4.2.3 Surface Morphology

Microscopic observations of eroded coatings surfaces high-
1ight important information abou the mode of erosion processes taking
place upon solid particle impingement. Solid particle erosion processes
of polyurethane and fluorocarbon coatings consisted of local material
removal processes in the size of up to 10 microns (Figure 3.24).

Further examinations of coatings eroded surface indicated that upon
solid particle impingemenets, local microcracks were formed, propagated
and intersected each other causing the formation of local coating
fragments both at low and high impact angles (Figure 3.24, 3.26A, 3.28).

The advanced stage of coating fragments removal from the

eroded surface depended on the quality of the adhesion between the




"
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coatings and the substrate. However, it was also dependent on the

impact angle. At normal impact angle, the final removal rate was very
low (Figures 3.288, 3.28D, 3.24A) compared to high rate removal at

low impact angles (Figures 3.24B, 3.25B, 3.26A). Also, it might be
noted that at low impact angles, the removal of coatings material
resulted in local elongated type craters or cavities at the eroded sur-
face (Figure 3.25B).

In view of the results obtained by examination of eroded
coatings surfaces, it can be deduced that the erosion processes consis-
ted of several stages: a) formation of local microcracks in the coating,
b) progression and intersection of microcracks resulting in formation
of fragments of coatings, c¢) detachment of these fragments from the

substrate, d) final removal of fragments from local eroded areas.
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5. Conclusions

Composite material such as Quartz/polyimide, Quartz/polybutadiene
and Glass/Epoxy as well as coatings such as polyurethane on Glass/Epoxy
and fluorocarbon on Quartz/polyimide were exposed to sand erosion. The
observations and the results abtained and described in this work led to

the following major conclusions.

5.1 Composite Materials

A. Erosion or target weight loss increased with increasing
impact angle reaching a maximum around 75° while the Jowest erosion
value was around 30° for various constant amounts of sand particles

impacted.

B. At constant impact angle erosion rate or target weight loss
increased progressively with increasing the amounts of sand weight

impacted in the range of 200 gr to 600 gr.

C. The overall erosion processes taking place in these composite
materials consisted of the following: (1) erosion or local material
removal in the resin zones, (2) erosion in the fiber zones associated
with breaking down the fibers into small fragments of 10 to 30 microns
in length, (3) erosion of the interface zones between fibers and the

adjacent resin matrix.

5.2 Coating Materials

A. In all coatings investigated, erosion rate (i.e., target weight
loss) decreased with the increase of the impact angle. Maximum weight

loss was found at 30° while minimum value of weight loss was found at
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normal impact angle. However, in elastomeric MIL-C-83231 polyurethane
and AF-C-VBW-15-15 fluorocarbon coatings, erosion rate was found to be

independent of impact angle at the range of 45° to 90°.

B. A progressive increase in target coating weightloss with amount
of sand impacted was found in MIL-C-83286 polyurethane coatings at

constant impact angles.

C. In MIL-C-83231 polyurethane and AF-C-VBW-15-15 fluorocarbon
coatings, erosion rate (i.e., target weightchange) was found to be

independent of weight of sand impacted at constant impact angles of

45° to 90°.

D. Eroded coatings surface roughness was found to follow target
weight loss: The higher the weighitloss, the higher the value of surface

roughness observed.

E. Erosion processes in the coatings were associated with forma-

tion of microcracks, microcrack propagation and intersection resulting

in fragments of coatings which were then locally removed from the surface.
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APPENDIX A

EROSION DATA OF COMPOSITE MATERIALS




WEIGHT LOSS DATA FOR QUARTZ POLYIMIDE COMPOSITE

TABLE A.1

Amount
of Sand Impingement rarget Average Average *
Impacted Angle Weight Loss Weight Loss Erosion
(gr) {degrees) {mg) (mg) e - 10°
64.4
30 62.4 63.4 317.0
45 75.5 95.5 477.5
200 60 100.3 98.7 490.5
75.9
75 111.4 111.4 557.0
90 103.6 107.2 536.0
104.8
47.
30 147.6 140.0 350.0
132.4
45 206.0 206.0 515.0
212.2
400 60 ! 217.6 544.0
223.1
75 246.5 246.5 616.2
235.2
90 225.1 562.7
214.5
213.0
30 206.3 207.6 349.3
45 284.7 284.7 474.5
333.6
600 60 343.5 338.5 564.2
75 346.3 346.3 577.2
343.5
90 321.0 332.2 553.7

*Amount of material removed/amount

of sand impacted.
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TABLE A.2
WEIGHT LOSS DATA FOR AFWAL/MLBE E-GLASS EPOXY

Amount
of Sand Impingement Target Average Average *
Impacted Angle Weight Loss wei?ht Loss Erosion
(gr) (degrees) (mg) mg) e + 10°
15.0
30 16.5 82.5
18.0
45 18.1 18.1 90.5
200 60 16.8 18.6 93.0 R
20.5 3
i
75 16.7 16.2 81.0 i
14.8 v
15.2 76.0 :
%0 15.7 {
40.9 !
41.5 103.7 ,
30 42.1 A
45 42.8 42.8 107.0 ;
400 60 40.2 42.0 105.0 3
43.8 i
75 42.1 42.1 105.2
90 34.2 37.7 94.2 |
41.3 ) ) i
60.8 '
56.5 94.2
30 52.3
45 78.7 78.7 131.2
73.1
600 69.9 116.5
60 66.7
75 60.9 60.9 101.5
59.4
59.5 99.2
0 59.7

*Amount of material removed/amount of sand impacted.
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TABLE A.3
WEIGHT LOSS DATA FOR RAFAEL GLASS-EPOXY

Amount *
of Sand Impingement Target Average
Impacted Angle Weight Loss Erosion
(gr) (degrees) (mq) e - 108
30 43.9 219.5
45 59.5 297.5
200 60 83.3 416.5
75 80.0 400.0
90 75.2 316.0
30 96.4 241.0
45 147.1 367.7
400 60 159.6 399.0
75 169.3 423.2
90 166.7 416.8
30 161.6 269.3
45 175.5 292.5
600 60 232.8 388.0
75 202.0 336.6
90 230.8 384.6

*Amount of material removed/amount of sand impacted.
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TABLE A.4

WEIGHT LOSS DATA FOR QUARTZ-POLYBUTADIENE

Amount
of Sand Impingement Target Average Average *
Impacted Angle Weight Loss Weight Loss Erosion
(gr) (degrees) ?mg) (@g) € - 10°
70.9
30 77.5 387.5
84.2
45 99.4 99.4 497.0
200 60 tel.2 128.5 642.5
135.9 ) )
75 142.1 142.1 710.5
90 156.7 151.4 757.0
146.2
30 169.0 154.9 387.2
140.8 ) 87.
45 228.9 228.9 592.2
257.0
400 60 281.0 264.0 672.5
75 247.9 247.9 619.7
247.8
90 267.3 257.5 643.8
228.9
30 197.7 213.3 355.5
45 290.3 290.3 483.8
352.2
600 60 367.8 613.0
383.4
75 428.7 428.7 714.5
359.1
90 339.0 349.0 581.6

*Amount of material removed/amount of sand impacted.
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TABLE B.1
WEIGHT LOSS DATA FOR MIL-C-83286 POLYURETHANE ON E GLASS EPOXY

Amount
of Sand Impingement Target Average Average*
Impacted Angle Weight Loss Weight Loss Erosion
(gr) (degrees) (mg) ?mg) e - 10°
10.9
30 12.0 11.4 57.0
45 2.4 7.4 37.0
1.8
200 60 3.9 2.5 12.5
75 1.9 1.9 9.5
0 0.5 0.5 2.5
S -0.4 e e
30 26.9 28.4 71.0
29.9 ‘ b
45 12.3 17.3 43.2
10.6
400
60 9.0 9.8 24.5
75 7.1 7.1 17.7
5.0
90 4.7 4.8 12.0
48.2
30 48.4 48.3 80.5
45 31.5 31.5 52.5
600 60 18.8 20.0 33.3
21.2
75 12.4 12.4 20.6
g 2.4 75.0
0 8.6 9.0 .

*Amount of material removed/amount of sand impacted.
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TABLE B.2

WEIGHT LOSS DATA FOR MIL-C-83231 POLYURETHANE ON E GLASS EPOXY

Amount
of Sand Impingement Target Average Average *
Impacted Angle Weight Loss Weight Loss Erosion
(gr) (degrees) (mg) (mg) e * 10°
15 2.8 2.8 14.0
-1.0
30 0.8 -0.9 ~4.5
45 -1.2 -1.2 -6.0
200 -1.1
60 -1.2 -1.2 -6.0
75 -1.0 -1.0 -5.0
-1.3
90 - -
1.9 1.3 6.5
15 6.5 6.5 16.2
0.8
30 N 0.7 1.7
45 ~0.9 -0.9 -2.2
~1.5
400 60 - -
0.8 1.2 3.0
75 -1.8 -1.8 -4.5
-1.3
-1.4 -3.5
%0 -1.4
15 9.4 9, 15.7
2.0
30 1.2 1. 2.7
45 -0.6 -0.6 -1.0
600 -1.5 -1.2 -2.0
6 . .
0 -0.9
75 -17? -1.2 -2.0
90 Tt 1.5 2.5
-1.5 - - - .

*Amount of material removed/amount of sand impacted.
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TABLE B.3
WEIGHT LOSS DATA FOR AF-C-VBW-15-15 FLUOROCARBON ON QUARTZ-POLYIMIDE

Amount {
of Sand Impingement Target Average Average *
Impacted Angle Weight Loss Weight Loss Erosion
(gr) (degrees) (mg) (mg) e " 108
3.5 ﬁ
30 3.0 15.0 1
2.5 ‘
45 -0.7 -0.7 -3.5
-1.6
200 - -
60 1.4 1.5 7.5
75 -2.0 -2.0 ~-10.0
90 -2.8 -3.0 -15.0
-3.2
5.3 $
30 4.7 5.0 12.5 -
45 0.0 0.0 0.0
400 6 LA
0 2.5 -2.0 -5.0 1
75 -2.9 -2.9 -7.2 4'
-3.2
90 -3.3 -3.3 -8.2
6.7 7.8 13.0
30 8.8 '
45 0.9 0.9 1.5 .
600 2.0 2.1 3 ;
60 _2.2 - - 5 .(
75 -2.8 -2.8 -4.6
90 -5.6 -5.1 -8.5 ’
-4.6 ;
1
E

*Amount of material removed/amount of sand impacted.
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APPENDIX C

SURFACE ROUGHNESS DATA OF COATINGS




SURFACE ROUGHNESS DATA FOR

TABLE C.1
MIL-C-83286 POLYURETHANE/E GLASS EPOXY

Amount
of Sand Impingement
Impacted Angle Roughness Average
(gr) (degrees) C.L.A. (microns)
30 1.85 2.0 1.9 1.85 1.95 1.91+ 0.07
45 2,25 2.1 2.0 2.1 2.2 2.13+ 0.10
200 60 1.65 1.5 1.65 1.6 1.75 1.63+ 0.09
75 1.3 1.25 1.3%5 1.25 1.1 1.25+ 0.09
90 1.35 1.2 1.0 1.1 1.4 1.21+ 0.17
30 2.0 2.15 2.3 2.4 2.0 2.17+ 0.18
45 2.0 1.85 2.7 2.1 1.85 1.90+ 0.15
400 60 2.05 2.15 1.8 1.8 2.0 1.96+ 0.16
75 1.55 1.65 1.4 1.35 1.5 1.49+ 0.12
90 1.35 1.3 1.1 1.5 1.4 1.33+ 0.15
30 2.35 2.4 1.95 2.0 2.3 2.20+ 0.21
45 2.35 2.1 2.4 2.3 2.5 2.33+ 0.15
600 60 1.9 1.85 1.7 1.9 1.9 1.85+ 0.09
75 1.45 1.75 1.65 1.6 1.6 1.61+ 0.11
90 1.25 1.4 1.3 1.4 1.35 1.34+ 0.06
Before Erosion 0.08 0.14 0.23 0.11 0.17 0.15+ 0.06




.
TABLE C.2
1 SURFACE ROUGHNESS DATA FOR MIL-C-83231 POLYURETHANE/E-GLASS EPOXY
| |
|
Amount
of Sand Impingement
Impacted Angle Roughness Average
(gr) (degrees) C.L.A. (microns) |
15 0.40 0.35 0.40 0.33 0.38 0.37+ 0.03
30 0.28 0.28 0.27 0.24 0.28 0.27+ 0.02 :‘
45 0.30 0.26 0.37 0.28 0.22 0.29+ 0.06
200 60 0.22 0.21 0.28 0.23 0.22 0.23+ 0.03
75 0.22 0.25 0.22 0.25 0.31 0.25+ 0.04
90 0.30 0.28 0.29 0.22 0.30 0.28+ 0.03
15 0.60 0.66 0.62 0.70 0.76 0.67+ 0.05
30 0.33 0.48 D.43 0.38 0.38 0.40+ 0.06
45 0.32 0.34 0.27 0.28 0.32 0.31+ 0.03
400 60 0.23 0.30 0.26 0.27 0.26 0.26+ 0.02
75 0.26 0.20 0.20 0.32 0.28 0.25+ 0.05 i
90 0.23 0.30 0.23 0.33 0.22 0.26+ 0.05 ;
15 1.00 1.05 1.10 0.90 1.15 1.04+ 0.10 -
30 0.55 0.47 0.45 0.55 0.50 0.50+ 0.05
45 0.33 0.28 0.36 0.33 0.28 0.32+ 0.03
600 60 0.26 0.30 0.21 0.21 0.24 | 0.24+ 0.04
75 0.26 0.30 0.25 0.25 0.22 0.26+ 0.03
90 0.25 0.35 0.37 0.30 0.32 0.32+ 0.05
Before Erosion 0.35 0.15 0.20 0.20 0.23 0.23+ 0.07
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TABLE C.3
SURFACE ROUGHNESS DATA FOR AF-C-VBW-15-15 FLUOROCARBON/QUARTZ-POLYIMIDE

Amount
of Sand Impingement
Impacted Angle Roughness Average
(gr) (degrees) C.L.A. {microns)
30 1.0% 1.2 1.1 1.0 1.15 1.0+ 0.08
45 0.85 0.65 0.75 0.7 0.6 0.71+ 0.10
200 60 0.6 0.85 0.65 0.75 0.5 0.67+ 0.13
75 0.75 0.6 0.7 0.7 0.9 0.73+ 0.11
90 0.75 0.6 0.85 0.55 0.8 0.11+ 0.13
30 1.25 1.5 1.65 1.5 1.35 0.45+ 0.15
45 0.7 0.75 0.85 0.8 0.75 0.81+ 0.06
400 60 0.6 0.75 0.6 .75 0.65 0.67+ 0.08
75 0.75 0.75 0.6 1.0 0.7 0.76+ 0.15
90 0.95 0.8 0.85 1.1 0.75 0.74+ -.14
30 1.75 1.75 1.45 1.6 1.6 1.63+ 0.13
45 1.0 0.7 0.65 0.7 0.85 0.78+ 0.14
600 60 1.0 0.7 0.7 0.75 0.85 0.80+ 0.13
75 0.9 0.8 0.6 0.65 0.6 0.71% 0.13
90 0.85 0.9 0.75 0.95 0.9 0.87+ 0.08
Before Erosion 0.35 0.40 0.55 .44 0.35 0.42+ 0.08
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